Diastolic flow into the left ventricle during mitral regurgitation must increase as total stroke volume increases in response to the volume overload. The mechanisms that allow augmented diastolic filling are not fully defined. Accordingly, the left ventricle of five dogs was instrumented with a micromanometer and sonomicrometers and studied during the conscious state before (control) and after the creation of significant mitral regurgitation. Serial measurements were made at control and up to 4 weeks after the creation of the volume overload. Heart rate, peak systolic wall stress, and peak positive dP/dt showed no significant changes between control and subsequent observations. End-diastolic volume and total stroke volume progressively and significantly increased during the 4-week course. When compared with the control state (51 4, mean+± SD), the filling fraction during the first 40% of diastolic time was increased at 4 days (67±10%, p<0.001), 2 weeks (72±6%, p<0.001), and 4 weeks (76±10%, p<0.001). During the period of adaptation to the volume overload, filling fraction correlated with end-diastolic volume (r=0.52, p<0.02) and total stroke volume (r=0.80, p<0.001). Compared with the control state (0.81 + 0.04), eccentricity of the left ventricle at end systole decreased at 4 weeks (0.79 0.06, p<0.05); the absolute change in this ratio during the first 40% of diastolic time was significantly augmented at 2 weeks (0.09 ±+0.02, p<0.05) and 4 weeks (0.11 + 0.04, p<0.005) compared with control (0.05 0.02). Ventricular elastance (pressure/volume) at end systole (minimum volume) was 1.70+±0.50 mm Hg/ml at control, 1.09+± 0.46 at 4 days (p<0.05), 0.96±+0.42 at 2 weeks (p<0.01), and 0.99 0.22 at 4 weeks (p<0.01). Moreover, the elastance change during the rapid-filling phase was significantly diminished after creation of mitral regurgitation. Thus, during the volume overload of mitral regurgitation, the left ventricle accommodates a higher percentage of its total stroke volume during early diastole; this adaptation can be correlated with augmented systolic shortening, and thereby with increased restorative forces or elastic recoil, and with reduced chamber elastance and eccentricity during the early part of diastole. Other potential mechanisms include altered systolic and relaxation loading, augmented elastic recoil of the left atrium, left atrium and left ventricular pressure gradient, accelerated myocardial inactivation, and increased adrenergic stimulation. (Circulation 1988; 78:390-400) L eft ventricular volume overload has undergone extensive experimental investigation, and a number of adaptive mechanisms, including increased sarcomere stretch (Frank-Starling pnnciple), 1-3 hypertrophy,4,5 variable changes in inotropism,6-9 decreased operational end-diastolic compliance,10 and altered coronary vasodilator
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After the control studies, a second limited thoracotomy was performed during general anesthesia. A purse-string suture was made in the small avascular area on the anterior surface of the left ventricle immediately underneath the atrioventricular groove. A stub incision was made in its center, and a small "4crochet hook" was introduced to sever one or more chordae tendineae. The stab wound was closed by tying the purse-string suture. Left ventricular mass'9: Eccentricity7: e =__LA2-5A2 LA 
Results
Original tracings illustrating the variables measured before and during mitral regurgitation are shown in Figure 2 . Heart rate was matched at about 140 beats/min by atrial pacing throughout the study. Four days after mitral regurgitation, the spontaneous (unpaced) heart rate was elevated from 109 ± 14 to 133 ± 12 beats/min (p<0.02) and remained elevated thereafter (134 ± 14 at 2 weeks and 133 ± 10 beats/min at 4 weeks, p<0.02). During mitral regurgitation, the rate of thinning of the left ventricular wall became more marked, and the rate of change in short and long axes also increased during the rapidfilling phase of diastole when compared with the control state ( Figure 2 ).
Hemodynamic Responses
The hemodynamic data are shown in Table 1 . There were no significant changes in paced heart rate, diastolic time, peak systolic pressure, peak systolic wall stress, and peak positive and peak negative dP/dt when compared with the control. End-diastolic pressure increased significantly at 2 weeks (21+4 mm Hg) and 4 weeks (24± 10 mm Hg) of mitral regurgitation compared with the control (7 ± 2 mm Hg). End-diastolic wall stress also As shown in Figure 3 , top panel, the chamber eccentricity throughout diastole decreased during mitral regurgitation. Eccentricity at end diastole Table 3 , and an averaged time course of filling fraction throughout diastole is shown in Figure 3, from the control (43 ± 10%) and remained relatively constant thereafter. As shown in Figure 3 , bottom panel, a higher percentage of filling volume was accommodated during the first 40% of diastole in mitral regurgitation. Filling fractions during the first 40% of diastole at 4 days (67 ± 10%), 2 weeks (72 + 6%), and 4 weeks (76 + 10%) were all significantly higher than filling fractions during the control period (51±2%). Peak positive dV/dt showed a gradual increase but became statistically significant only at 4 weeks. When this value is normalized with left ventricular end-diastolic volume, there was no significance during mitral regurgitation compared with the control. Time to peak filling tended to decrease after mitral regurgitation compared with control, but the decrease was not significant. Peak negative dV/dt showed a significant increase after the creation of mitral regurgitation, but when normalized with end-diastolic volume, this value lacked significance.
Relations between filling fraction of the first 40% of diastole and total stroke volume or end-diastolic volume before and during mitral regurgitation are shown in Figure 4 . Filling fraction during the first 40% of diastole had a strong correlation with total stroke volume (r= 0.80, y = 0.79x + 29, p<0.001) and a modest correlation with left ventricular enddiastolic volume (r = 0.52, y = 0.34x + 33, p<0.02). Left Ventricular Chamber Elastance During Rapid Filling Calculated chamber elastance (P/V) at end systole and at 40% diastolic time are summarized in Table 4 ; an averaged time course of this variable throughout diastole is shown in Figure 5 .
The end-systolic elastance showed a significant decline at 4 days but remained unchanged thereafter at 2 and 4 weeks. The elastance at 40% diastolic time showed a small but significant increase. How (Table 3 and Figure 4) . We have also shown here that as the left ventricle is progressively volume-overloaded by mitral regurgitation, the overall extent of systolic shortening increases (enhanced stroke volume), which in turn can be directly correlated with the fraction of volume entering the left ventricle during the first 40% of diastole (Figure 4) . Similarly, in papillary muscles relaxing in an isometric-isotonic sequence, the peak velocity of lengthening has been directly correlated with the extent of systolic shortening.24 In the in situ heart (studied in an animal preparation similar to that in this investigation) Caillet and Crozatier25 also have demonstrated that the extent of systolic shortening across the minor axis of the left ventricle is a primary determinant of the peak velocity of segmental fiber lengthening and diameter expansion during the rapid-filling phase of diastole. Together, these experimental observations point to an active process of muscle lengthening, presumably restoring forces from elastic recoil. Alternatively, it has been suggested that active lengthening might be a result of muscle fibers whose anatomic arrangement allows stretching and enlargement of the ventricular cavity during diastole. 26 Although not directly quantifiable in this experiment, other mechanisms relating to systolic control of ventricular relaxation could also explain our results. Brutsaert et al27,28 have demonstrated that increased contraction loading in the first half of systole results in a delay in the onset and the rate of relaxation; conversely, contraction loading in the last half of systole results in an increase in the rate of relaxation. During auxotonic shortening in the in situ heart, the impedance to ejection would thus presumably have significant influence on the rate of relaxation and early diastolic filling. In mitral regurgitation, because the ventricle is ejecting into two separate reservoirs, that is, the aorta and left atrium, a comprehensive characterization of the impedance to ejection is not possible. The total impedance to the ventricle is reduced because of the shunt due to the left atrium during early ejection and thus would tend to unload the ventricle during early-to-middle systole.29 There is also persistence of ejection beyond aortic valve closure at which time the left atrium is significantly stretched and the pulmonary veins and capillaries distended. Thus, impedance would presumably be relatively high during this period of left atrial distension and extended ventricular shortening. Reduced load early in systole coupled with an extended and relatively high impedance beyond aortic valve closure might together promote more rapid relaxation and filling during the early portion of diastole.
In addition to contraction loading, inactivation appears to be a further factor that affects relaxation of the left ventricle by deactivation of the forcegenerating sites in the myocardium.27,28 Increased adrenergic stimulation during volume overload9 may accelerate the deactivation process and hence promote myocardial relaxation during volume overload. Because in this study the basal, unpaced heart rate increased compared with control during mitral regurgitation, increased adrenergic stimulation could then have independently affected the speed and extent of filling during the volume overload.
A further potential contribution to augmented early diastolic filling in mitral regurgitation could arise from increased passive elastic recoil of the left atrium, which presumably begins shortly after opening of the mitral valve leaflets and accompanies the y descent of the atrial pressure pulse. As shown by Sasayama, 23 driving pressure in left ventricular filling. During mitral regurgitation, the left atrium is distended at end systole, the pressure will be higher than normal, and the atrium will be on a stiffer part of its passive pressure-volume curve. At the onset of filling, there will be a very large left atrium and left ventricle pressure gradient and increased dV/dt. The y descent will be more rapid because the emptying of a stiff atrium results in a rapid decrease in pressure. The pressure difference will rapidly decrease and perhaps become negative. Mitral flow will then rapidly decelerate. The result will be that during chronic mitral regurgitation, early filling is enhanced and the rate of change of volume will be slower in middle diastole (Figure 3, bottom panel) . As regurgitation increases, the total stroke volume increases, left atrial pressure at onset of flow increases, and the filling fraction increases ( Figure  4 , bottom panel).
Our analysis of instantaneous pressure-volume relations during the first 40% of diastolic filling indicates that ventricular elastance, that is, the ratio of pressure to volume, diminishes through most of this time interval; in addition, after mitral regurgitation, the elastance decreased further at the beginning of filling and remained so throughout most of (Table 4) . Thus, chamber elastance during early diastolic filling might be an important determinant of the rate of filling in early diastole.
The loading conditions imposed by the geometry (size, shape, and wall thickness) and pressure of the left ventricle will also affect the profile of diastolic filling. Although mean wall stress during rapid filling did not appear to change with mitral regurgitation, the circumferential stress at end systole showed a trend toward reduction, Table 1 . Of the determinants of end-systolic circumferential wall stress, wall thickness remained unchanged, and the longaxis dimensions increased proportionately less than the short axis. Calculation of the eccentricity index, which relates the relative size of long and short axes, corroborated the progressive sphericity of the ventricle as it adapted to mitral regurgitation, and it corroborated the progressively greater sphericity during the period of rapid diastolic filling (Figure 3) . By Potential limitations to our methods should be considered. First, the left ventricular volume was calculated based on ventricular dimensions measured by sonomicrometry. Rankin et al '7 showed a good correlation between the ascending aortic flow measured with the electromagnetic flowmeter and the flow calculated from left ventricular dimension measurements, but the correlation was not identical. Because our study depends entirely on the accuracy of left ventricular volume calculation, the error could occur in our results. A second limitation to our study is that we used dV/dt for a representation of instantaneous transmitral flow. Unfortunately, there is no primary standard against which to check the relation between dV/dt and flow in mitral regurgitation in the conscious, chronically instrumented dog. Keren et a13' demonstrated the mitral flow in chronically instrumented dogs with experimental mitral regurgitation. Yellin et a132 studied the dynamics of acute experimental mitral regurgitation. From these two investigations, we are able to calculate the peak mitral flow in chronic and acute experimental mitral regurgitation. Compared with their data, peak mitral flow (peak positive dV/dt) in our present study was calculated as somewhat higher. This might be caused by the differences in time of measurement after the creation of mitral regurgitation or in the experimental model (acute vs. chronic). A third limitation is the use of the equation of elastance E = PIV, which neglects the dead volume, Vd, that is, E = P/(V -Vd). Vd may be small, but in early diastole, so is V, and the error could be large. In addition, the concept of elastance has never been verified for diastole. However, calculation of elastance based on our limited data helps in understanding the early diastolic filling previously examined early diastolic filling indexes dynamics in mitral regurgitation.
In summary, the observations from this experimental animal model indicate that the left ventricle accommodates the volume overload of mitral regurgitation by augmenting early diastolic filling. The ostensible mechanisms underlying this adaptation include increased elastic recoil consequent to enhanced systolic shortening, reduced elastance in early diastole, and increased sphericity of the left ventricular chamber. Other possible mechanisms, though not demonstrated here, include increased elastic recoil of the left atrium, left atrium and left ventricle pressure gradient, changes in contraction loading, and alterations of the pattern of deactivation of force-generating sites in the myocardium. In further clinical studies, the fraction of filling during the first 40% of diastole may be useful in serial assessment of left ventricular compensation in response to the volume overload imposed by mitral regurgitation.
